[1] We examine variability observed in heat flow determinations collected on hot spot swells. We find substantial scatter in heat flow at wavelengths of a few hundred kilometers and less at both Hawaii and Reunion, where closely spaced data exist, and large variability in the regional heat flow surveys at Cape Verde, Bermuda, and Crozet. Our preferred interpretation is that the observed variability is due to fluid flow. The presence of fluid flow admits the possibility that some heat is lost through advection such that the mean observed heat flow is less than the actual mantle flux. If so, the full magnitude of sublithospheric thermal variations may not be observed. This interpretation has important implications for understanding heat flow determinations made on hot spot swells and resulting geodynamic inferences. We suggest fluid flow may be masking variations in sublithospheric heat flux making available surface heat flow values a poor discriminator between geodynamic models for hot spot swells. Future field programs, methods of data analysis, and models should be designed to help extract a low-frequency mantle flux disguised by a high-noise surface filter. 
Introduction
[2] Hot spot swells are large areas of anomalously shallow bathymetry associated with linear chains of volcanoes that age in the direction of plate motion. The processes generating hot spot swells are poorly understood and are undergoing a phase of renewed interest and debate because of their intimate association with the mantle plume hypothesis [Morgan, 1971] . Of the many observational constraints on the origin of hot spot swells, the interpretation of marine heat flow data is contentious. Heat flow data collected on hot spot swells have been variously used to argue for [e.g., Detrick et al., 1981; Von Herzen et al., 1982] and against [e.g., Stein and Stein, 1993; DeLaughter et al., 2005] sublithospheric thermal anomalies [Detrick and Crough, 1978; Crough, 1983] . Anomalously high heat flow observations over broad regions, combined with anomalously shallow bathymetry, and geoid highs would argue for the presence of sublithospheric thermal anomalies consistent with a mantle plume [e.g., DePaolo and Manga, 2003], whereas 'normal' heat flow values would support the contention that hot spot swells result from normal melting processes within the lithosphere [e.g., Foulger and Natland, 2003] . Heat flow anomalies are therefore one potential diagnostic for the presence or absence of a sublithospheric thermal anomaly.
[3] Two assumptions commonly guide the interpretation of heat flow data in terms of geodynamic interpretations concerning the origin of hot spot swells. The first is the choice of a reference model. Because the expected thermal anomalies are small, anomalous heat flow depends strongly on what is taken as 'normal'. Stein and Stein [1993] reviewed average heat flow values over hot spot swells relative to GDH1 [Stein and Stein, 1992] , and concluded that while hot spot swells are anomalously shallow, heat flow is not anomalously high. On the basis of the presence of a bathymetric anomaly and lack of a heat flow anomaly, they argued that hot spot swells are dynamically supported. However dynamic support models also bring excess heat to the base of the lithosphere. Models that do not include excess sublithospheric heat call on heterogeneity in mantle composition to produce the observed bathymetric swell and volcanism [e.g., Bonatti, 1990; Green and Falloon, 2005; Presnall and Gudfinnsson, 2005] . The second assumption is that heat flow values represent conductive heat transfer through the lithosphere so that these values can be used to infer the thermal state at the base of the lithosphere. In fact most heat flow surveys over hot spot swells were designed assuming conductive heat transport, that heat flow would vary smoothly over large distances, and that multiple penetrations within small survey areas would average out small-scale variability. The thrust of this paper is to evaluate the validity of this second assumption. Close inspection of individual heat flow observations show that over distances of a few kilometers or less, heat flow variability can be large [Bonneville et al., 1997; Harris et al., 2000a; Von Herzen, 2004] , such that this assumption may not be valid. We argue that heat flow measurements made near the axis of hot spot swells more likely reflect shallow environmental disturbances than thermal conditions at the base of the lithosphere. In our view the most likely source of disturbance is hydrothermal circulation and we focus on fluid flow and advective heat loss. We start by reviewing evidence for hydrothermal circulation in oceanic crust, argue that under favorable conditions fluid flow persists to crust of great age, discuss some aspects of buoyancy driven flow, and then review heat flow data collected on hot spot swells.
Hydrothermal Circulation
[4] Two characteristics of global marine heat flow data collected on oceanic crust younger than 65 Ma indicate the prevalence of advective heat transport by hydrothermal circulation. First, heat flow values are substantially less than those predicted by conductive cooling models [e.g., Parsons and Sclater, 1977; Stein and Stein, 1994] . The discrepancy between observations and conductive predictions is used to estimate the oceanic advective heat flux [e.g., Wolery and Sleep, 1976; Stein and Stein, 1994] . Secondly, heat flow values in this environment are more variable than can be attributed to heat refraction effects due to variations in thermal conductivity or seafloor relief. This high-frequency variability most often reflects rapid fluid flow. High variability and a heat flow deficit are often found in association with each other, and this association allows the possibility of advective heat loss when high variability is observed. Even without advective heat loss, local coverage in areas of high variability may be spatially biased and not sufficient to calculate a reliable mean.
[5] In ridge flank environments, low-permeability sediments are often interrupted by high-permeability basement highs that allow recharge and discharge between the basement and overlying ocean. Lateral fluid flow through the basement aquifer between areas of recharge and discharge is the most effective geometry for widespread heat removal [e.g., Fisher et al., 2003] . Because the vast majority of heat flow observations are made with gravity driven probes that require soft sediments for insertion, lateral fluid flow is thought to bias heat flow observations toward low values. In this scenario, heat that would otherwise be conducting through the overlying sediment cover discharges through bare rock environments that are not sampled. Open circulation flow systems generate high heat flow variability through variations in sediment thickness coupled with the extent of isothermality at the top of the basement [Davis et al., 1989] and the distribution of permeability [Fisher, 1998] .
[6] As sediment cover becomes complete, fluid flow is restricted to the underlying crust and regional advective heat loss becomes negligible. This style of flow is also associated with high variability that arises from buried basement relief, variations in the depth extent of permeability, and the ascending and descending limbs of convection.
[7] Because both styles of fluid flow are associated with high variability in heat flow values it can be difficult to discriminate between these flow styles particularly if there is insufficient bathymetric, seismic and heat flow coverage [e.g., Davis and Chapman, 1996] . Other data such as pore water geochemistry [e.g., Baker et al., 1991] , age dating of basement fluids [e.g., Elderfield et al., 1999] , and the chemical and mineralogic alteration of crustal rocks [e.g., Alt, 2004] can aid interpretations of hydrothermal circulation.
[8] The temporal evolution of hydrothermal circulation in oceanic crust is poorly known. Hydrothermal circulation is most vigorous at the ridge axis where thermal buoyancy driving forces are large. The vigor of fluid flow decreases off axis as the basal heat flux and permeability decreases, and relatively low permeability sediment cover increases hydraulic impedance [Anderson and Hobart, 1976; Anderson et al., 1977; Sclater et al., 1976; Stein and Stein, 1994; Fisher, 1998 ]. While there has been much discussion of the relative contribution of each of these mechanisms to the waning of hydrothermal circulation, it is clear that sediment cover influences hydrothermal circulation in several important ways. First, because marine sediments have very low permeability they increase the hydraulic impedance restricting flow between the basement and overlying ocean. Anderson and Hobart [1976] found that the average heat flow approaches a value in agreement with conductive cooling models when the sediment cover is reasonably continuous and thicker than about 300 m. Secondly, seafloor relief generates lateral temperature gradients that provide a driving force for buoyant flow, and accumulations of sediment damp the surface expression of basement relief. However sediments can also enhance fluid flow because the mean basement temperature is proportional to the product of the conductive thermal gradient and sediment thickness [Fisher and Becker, 2000] . The mean basement temperature decreases the viscosity of the fluid and if a hydrothermal siphon remains active sediment cover can increase the pressure differential between recharging and discharging fluids. These factors vary from area to area depending on local basement relief, sedimentation rate, and sediment type [Spinelli et al., 2004] .
[9] It is becoming clear that advectively significant hydrothermal circulation can continue into crust much older than the reported 65 Ma ''sealing age''. Large variations in heat flow survey data suggest continuing hydrothermal circulation in Cretaceous aged crust [e.g., Embley et al., 1983; Noel and Hounslow, 1988; Fisher and Von Herzen, 2005] . Von Herzen [2004] recently compiled heat flow data for the purpose of assessing hydrothermal circulation in crust older than 65 Ma. On the basis of heat flow variations likely to result from thermal refraction due to basement or seafloor relief and contrasts in thermal conductivity between basement and sediment, Von Herzen [2004] concludes that it would be possible but unlikely for heat flow anomalies exceeding about 25% of the regional value to have a conductive source. Of 58 heat flow surveys on old seafloor a significant portion remain hydrothermally active.
[10] Other evidence of persisting hydrothermal circulation throughout the lifetime of oceanic crust is suggested by the significant variance in age-dependent heat flow averages [Stein and Stein, 1994] , velocity logs, macroporosity data, matrix data [Jarrard et al., 2003] , present-day fluid flow within $132 Ma basement at ODP Site 1149 [Shipboard Scientific Party, 2000a] , microbial alteration patterns within ODP Hole 801C [Shipboard Scientific Party, 2000b] , and inferences of low-temperature fluid circulation at the Trodos ophiolote based on celadonite precipitation ages [Staudigel et al., 1986; Gallahan and Duncan, 1994] . The termination of the heat flow deficit probably signifies that advection via open circulation between the crust and the ocean is largely absent for most seafloor, rather than an ending of hydrothermal flow [Anderson and Skilbeck, 1981; Jacobson, 1992; Stein and Stein, 1994] . The picture that emerges from these studies suggests that old seafloor contains sufficient permeability to host fluid flow. Fluid flow will be significant if driving forces are sufficient, and advective heat loss will occur if the circulation system remains open. We argue that volcanic edifices associated with hot spot swells create conditions sufficient to drive advectively significant fluid flow between the ocean and basement even in mature oceanic lithosphere, and that such fluid flow might well represent an open system because of the frequent basement features penetrating the sediment cover.
Buoyancy-Driven Fluid Flow
[11] At the largest scale, fluid flow across hot spot swells is likely driven by buoyancy forces associated with two sources: the horizontal temperature gradient associated with the volcanic edifice and the pressure difference between cooler and warmer columns of fluid recharging and discharging the crust in the absence of basement relief ( Figure 1 ). The details of driving forces due to sediment , the height is 2 km, the effective radius is 10 km, and the reference density is 1000 kg m À3 .
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HARRIS AND MCNUTT: HEAT FLOW ON HOT SPOT SWELLS overlying a horizontal aquifer have been worked out by Rosenberg et al. [2000] ; we concentrate on the driving forces associated with basement relief. The vigor and complexity of the fluid flow depends on the volcanic relief, the permeability structure of the volcanic basement, and the availability and distribution of outcrops that could expose permeable basement through the less permeable pelagic sediments.
[12] We illustrate the driving forces associated with a topographic high coupled with a constant bottom water temperature condition [Phillips, 1991] . For simplicity we assume that the volcanic edifice is below the thermocline and that the basal heat flux is constant. Relaxing both of these simplifications would increase the driving force. The volcanic ridge is parameterized in terms of a Gaussian ridge in Cartesian coordinates such that
where H is the amplitude and R is the characteristic width defined as R = 0.6 H. We assume that the thermal gradient, G, is constant and that the isotherms are parallel to the topography. This will be approximately true for gentle topography and the assumption of a constant basal heat flux. With this approximation,
and the horizontal temperature gradient is
In this framework the pressure P is
where r(T) is the fluid density as a function of temperature, g is gravity. Density can be expressed as
where a is the coefficient of thermal expansivity. The horizontal pressure gradient can be expressed as
This equation is probably only good to an order of magnitude and depends on the degree to which isotherms parallel the topography. Equation (6) indicates that the driving force is proportional to the size of the feature and its horizontal temperature gradient. Figure 1 shows the topography and the horizontal pressure gradient at z = 0, the base of a small volcanic ridge. Negative values indicate that the pressure gradient is directed toward the origin. Even for a small volcanic ridge with low basal heat flux, the maximum driving force available is on the order of a kiloPascal (Figure 1 ), equivalent to that available on a well sedimented ridge flank [Fisher and Becker, 2000] . We also note that for sloping topography there is no minimum Rayleigh criteria. Because the specific discharge is proportional to the horizontal pressure gradient, these equations show that as the edifice is approached the driving force and the specific discharge increase. The resulting heat flow deficit is conceptualized with vectors drawn in Figure 1a . Numerical results of coupled heat and fluid flow simulations of this style are given in Harris et al. [2000b] .
Heat Flow Surveys
[13] Widely spaced heat flow determinations collected for the purpose of measuring the thermal flux from hot spots have been published at four oceanic swells: Hawaii [Von Herzen et al., 1982 , Bermuda [Detrick et al., 1986] , Crozet [Courtney and Recq, 1986] , and Cape Verde [Courtney and White, 1986] . These coarse surveys generally consist of about seven $10 km x 10 km regions, each with multiple (10 -20) penetrations. Survey regions across each swell are separated by large distances (order 100 km). This strategy was chosen with the supposition that heat flow should vary smoothly over large distances, that multiple penetrations would average out small-scale variability, and to optimize measurements over relatively large areas with limited ship time.
[14] It is now clear, however, that discriminating between environments where heat is transferred conductively or advectively with heat flow surveys requires closely spaced heat flow determinations (1-2 km or less) so that heat flow variability is more completely characterized. This characterization also requires that heat flow observations be collocated with seismic reflection profiles that provide detailed imaging of the crust -sediment interface so that basement, structural, and topographic influences on fluid flow can be discerned. Only two hot spot swells have heat flow surveys that approach these requirements, Hawaii [Harris et al., 2000a] and Reunion [Bonneville et al., 1997] . In both of these experiments seismic reflection profiles are single channel, and because the sediments in the flexural moat are thick and composed of volcaniclastic material shed from the edifice, the seismic data has relatively low resolution. We start by reviewing the closely spaced heat flow surveys at Hawaii and Reunion, and then apply these results to explore the widely spaced surveys at Hawaii, Bermuda, Crozet and Cape Verde.
High-Resolution Surveys
[15] Hawaii [Harris et al., 2000a] and Reunion [Bonneville et al., 1997] have closely spaced heat flow surveys collocated with seismic reflection profiles. The Hawaiian survey consists of two profiles, one north of Oahu and one north of Maro Reef (Figure 2 ). These surveys cross archipelagic aprons characterized by a thick wedge of volcaniclastic sediments deposited during mass wasting events and which overlie preexisting sediments and oceanic basement. Root mean square (RMS) variations along the Oahu and Maro Reef profiles are 15 and 5 mW m À2 , respectively. Measurement uncertainty is estimated to be approximately 3 mW m
À2
, indicating that the variability about the mean is significant. At a distance of 148 km along the profile, four repeat measurements were made to estimate instrumental variability. The standard deviation of these measurements is 0.4 mW m À2 also suggesting that the along profile variability is significant [Harris et al., 2000a] . The greatest variability along the Oahu profile comes from a series of single penetration anomalies that may be associated with fractures in the sediments allowing fluids to discharge. Significant variability along the Maro Reef profiles occurs inboard of prominent basement highs associated with the Murray Fracture Zone.
[16] The Reunion survey also consists of two profiles, both north of Mauritius (Figure 3) . Sediment thickness varies between 360 m close to the Mascarene Ridge, to , and the measurement uncertainty is estimated to be 7 mW m À2 [Bonneville et al., 1997] . A series of 5 repeat measurements at a single location yielded a standard deviation of 3 mW m À2 . As with the Hawaii profiles, the variability is significant and not measurement noise. We focus on profile 1 where data coverage is more complete. As pointed out by Bonneville et al. [1997] , variability appears correlated with basement topography and appears to reflect hydrothermal circulation. The greatest variability is associated with the Mascarene Ridge slope where basement is exposed at the seafloor.
[17] The spectra at both hot spots (Figure 4 ) are quite similar: most of the signal in the heat flow occurs at wavelengths less than a few hundred kilometers, and in each case there is a spectral peak at a wavelength on the order of 10 km suggesting a relatively shallow source of variability. These heat flow profiles reveal greater scatter than could plausibly be attributed to lateral or temporal variations in mantle heat flux and both sets of authors have noted that the variability is likely due to fluid flow [Harris et al., 2000b; Bonneville et al., 1997] . The data from both Oahu and Reunion, however, show power at longer wavelengths suggesting a second deeper source of variability.
[18] Harris et al. [2000a Harris et al. [ , 2000b interpret the Oahu and Maro Reef profiles as indicating fluid flow in their entirety. In contrast, Von Herzen [2004] splits both profiles into three segments (Figure 2) . The southern and northern segments of the Oahu profile are interpreted as displaying the effects of fluid flow, while the middle segment does not. The mean heat flow within the middle section is 64 ± 6 mW m À2 , while the mean heat flow in the southern and northern groups are 80 ± 17 and 71 ± 11 mW m À2 , respectively. This interpretation implies that the advectively disturbed sections are discharging heat. One interpretation (though not implied by Von Herzen [2004] ) is that heated water is being expelled as the sediments compact. We note that in general this process is inefficient because of the finite volume of fluid, and that much of the heat is lost in warming the overlying sediments as the fluids rise to the surface. Along the Maro Reef profile the southern two segments indicate fluid flow with means and standard deviations of 64 ± 4 and 63 ± 6 mW m
, while the northernmost segment does not and has a mean and standard deviation of 65 ± 5 mW m À2 . If fluid flow is the source of variability, the smaller variability at Maro Reef, relative to Oahu, is consistent with the differences in the size of the edifice (equation (6)).
[19] Bonneville et al. [1997] note that on the eastern flank of the Mahanoro Fracture Zone (Figure 3) , there is a pelagic platform that yields very consistent heat flow values with a standard deviation of 3.6 mW m À2 (n = 27). Two isolated penetrations give significantly higher values of heat flow, but these are attributed to incomplete penetration of the probe. Inboard of the platform, values are much more scattered with a standard deviation of 17 mW m -2
. Notably, both sets of data yield the same mean value. Two interpretations are possible. The first, favored by Bonneville et al., is that heat flow values obtained from the pelagic platform represent background values. The scattered values on the Mascarene Ridge slope average to the background value so that there is no advective heat loss. The mean value is about 6 mW m À2 greater than that predicted by GDH1 [Stein and Stein, 1992] for this age of oceanic crust. Bonneville et al. [1997] invoke dynamic support with a component of lithospheric thinning to explain the data. However, the variability in this data also suggests significant fluid flow. Observed heat flow values may be depressed because of lateral fluid flow and advective heat loss. At Reunion, the spectra suggest that short wavelength variability associated with fluid flow may be superimposed on longer wavelength variations that could be associated with variations in basal heat flux or lithospheric thinning. It may be that the full amplitude of the variation in sublithospheric heat flux is obscured by the fluid flow.
[20] These closely spaced heat flow determinations provide evidence for shallow fluid circulation and help to identify its character at distance scales that are badly aliased in the earlier coarse surveys and smoothed out by averaging the results from multiple penetrations at the local sites. These profiles exhibit variability in excess of 25% of the mean used by Von Herzen [2004] as a basis for inferring fluid flow. The two important observations from all four of these heat flow profiles are that variability is significant and Figure 4 . Spectral analysis of closely spaced heat flow profiles on hot spot swells. Vertical scale shows magnitude of harmonic coefficient and uncertainty. Spectral smoothing was accomplished through windowing four subsections of the original series. Note spectral peaks on order of 10 km. Along the Oahu profile there is a strong peak at 7 km, along the Maro Reef profile there is a subtle peak at approximately 10 km, and along Reunion profile 1 there is a peak at approximately 50 km.
increases toward the volcanic edifice. Both of these observations are consistent with buoyancy driven fluid flow and admit the possibility of advective heat loss.
Coarse Surveys 4.2.1. Hawaii
[21] The Hawaiian swell is a broad topographic high about 1.2 km above the regional bathymetry and with a width of 150 to 200 km (Figure 2) . The swell subsides to the northwest in the direction of plate motion and is correlated with a geoid high that has a peak of about 5 m [Monnereau and Cazenave, 1990] . The first heat flow survey to methodically investigate the thermal influence of the hot spot swells [Detrick et al., 1981; Von Herzen et al., 1982] relative to the plate model of Parsons and Sclater [1977] . With this plate model both the pattern of anomalous bathymetry and heat flow suggests a thermal origin of the hot spot swell [e.g., Crough, 1983] . However, relative to GDH1 the thermal anomaly is small to nonexistent [Stein and Stein, 1992] .
[22] To better characterize the thermal anomaly, a subsequent survey perpendicular to the Hawaiian swell was conducted at Maro Reef (Figure 2) where the lithospheric heating effects of the hypothesized plume is expected to have the greatest surface effect [Von Herzen et al., 1989] . Assuming conductive heat transfer through the oceanic lithosphere, values of heat flow should vary systematically with bathymetry such that heat flow should be greater closer to the center of the hot spot swell. Surprisingly, values of heat flow along the profile actually decrease toward the center of the bathymetrically defined swell (Figure 5 ). Two features are suggestive of broad lateral fluid flow. The first is that, with the exception of station S4, values off swell are discernibly higher than values on the swell, and in general the variability of station data, as expressed by the standard deviation increases toward the volcanic edifice.
Cape Verde
[23] The Cape Verde rise is the highest observed oceanic swell. It is 2.2 km high and 1200 km wide and correlates with a geoid anomaly of about 8 m [Monnereau and Cazenave, 1990] . The Cape Verde Rise moves slowly in the hot spot reference frame, 12 mm yr
À1
, and is located on old oceanic lithosphere, 125 Ma.
[24] Figure 6 shows the heat flow data collected on the Cape Verde Rise [Courtney and White, 1986] . Two-channel seismic reflection data were used to locate heat flow stations away from significant basement relief. Observed heat flow (with 95% confidence interval) varies from 45 ± 3 mW m À2 on the abyssal plain (Site G) to 64 ± 4 mW m À2 (Site C) near the peak geoid anomaly [Courtney and White, 1986] . In contrast to the Hawaiian and Reunion profiles, regional values of heat flow increase toward the geoid high. The standard deviation of the data increases with proximity to the volcanic edifice. We interpret Site C as being influenced by fluid flow, on the basis of its relatively larger standard deviation, consistent with the interpretation of Von Herzen [2004] . The mean of the Site C data is anomalously high by about 10 mW m À2 with respect to GDH1. The effects of fluid flow suggest that this mean may represent a minimum value.
Bermuda
[25] The Bermuda Rise in the western North Atlantic is an area of anomalously shallow bathymetry that peaks at about 800-1000 m and is 100-km wide, centered approximately at the island of Bermuda. The geoid anomaly associated with the swell has an amplitude of 5 m and peaks about 150 km southeast of Bermuda. Bermuda is moving at a moderate speed of 25 mm yr À1 in the hot spot frame of reference.
[26] The transect of heat flow stations approach Bermuda across lithosphere of ages between 110 and 160 M.y. (Figure 7) . Detrick et al. [1986] made no age-related corrections to their measurements because the regional heat flow value appears to have approached an equilibrium value of 48 -50 mW m À2 . The heat flow over Bermuda is marginally high by 8 -10 mW m
À2
. We interpret Sites 5 and 6 as being influenced by fluid flow, on the basis of their relatively larger standard deviation. This is consistent with the interpretation of Von Herzen [2004] . There is an intriguing inverse correlation between relatively high heat flow and standard deviation for these sites.
Crozet
[27] The Crozet Plateau (Figure 8) is an E -W trending shallow bathymetric feature east of the southwest Indian Ridge. Seismic refraction and an OBS study indicates eastward crustal thinning from 16.5 to 10 km, and no underplated material has been detected [Goslin et al., 1981; Recq et al., 1998 ]. Seismic reflection profiles suggest relatively uniform sediments with thicknesses approximately 0.5 km. Heat flow data [Courtney and Recq, 1986] were collected from the deep Crozet basin toward the center of the Crozet Plateau and positioned to overlie crust of 67 Ma. [Courtney and Recq, 1986] . Both bathymetry and heat flow are anomalous with respect to GDH1 predictions for 67 Ma. seafloor.
Discussion
[28] High-resolution heat flow surveys at Hawaii and Reunion show large variability that is difficult to reconcile with conductive heat transfer and likely reflects an environmental disturbance. Candidate environmental disturbances include (1) refractive heat conduction, (2) heat from recent volcanic intrusions, (3) debris flows or slumping, and (4) buoyancy driven fluid flow. Harris et al. [2000a] evaluated the variability observed in the Hawaii profile data with respect to these environmental disturbances and concluded that the variability is most likely due to fluid flow. This view is strengthened by the similarities to heat flow . The more energetic model corresponds a lithosphere 50 km thick, whereas the less energetic model corresponds to a 100 km lithosphere. data collected at other hot spot swells. It is unlikely that refractive heat conduction can produce the observed variability [Von Herzen, 2004] . Both the high-resolution surveys and regional surveys all show increasing variability as the volcanic edifices are approached. Given the different ages and histories of the hot spot swells it would be highly fortuitous if each heat flow data set crossed a region of recent volcanic intrusion or debris flow or slumping. Our favored hypothesis is that fluid flow is perturbing the conductive thermal regime, and the most likely driving force for this fluid flow is associated with the bathymetric relief of the volcanic edifices.
[29] In addition to the large variability associated with the heat flow data, there are at least two other problems associated with using heat flow data to address the question of mantle plumes. These include the small expected thermal anomaly coupled with the uncertainty in the choice of a reference model. Anderson [2000] reviewed evidence on the magnitude of normal sublithospheric thermal anomalies and argued they fall with in a range of ±200°C. This is probably a liberal range. Geodynamic studies at Hawaii [Ribe and Christensen, 1999; Moore et al., 1999] predict modest if any thinning of the thermal lithosphere associated with the impingement of a plume. Figure 9 shows the conductive heat flow anomaly expected for a thermal conductivity of 4 W m À1 K À1 , and a 100 km thick layer of 300°C anomalous temperature under a lithospheric thickness of 50 and 100 km. This figure shows that even with a generous magnitude of anomalous temperature and 50 km of lithospheric thinning, a heat flow anomaly at the Hawaiian swell would be difficult to identify.
[30] The choice of an appropriate reference model for the thermal evolution of oceanic lithosphere continues to receive attention, remains somewhat contentious, and depends in part on the overall objectives. Recent reviews of oceanic lithospheric cooling models include Harris and Chapman [2004] , DeLaughter et al. [2005] , and Hillier and Watts [2005] . The coolest reference model is the half-space cooling model [Davis and Lister, 1974] and the warmest model is GDH1 proposed by Stein and Stein [1992] . With increasing age of seafloor these models diverge and the difference at 100 Ma is approximately 10 mW m
À2
. It is important to note however, that no single reference model provides a good fit to mean depth data between 0 and 165 Ma [Carlson and Johnson, 1994] , suggesting that the thermal history of oceanic plates is not simple and that no single model may be applicable [e.g., Nagihara et al., 1996; Ritzwoller et al., 2004] .
[31] Figure 10 summarizes the mean heat flow value and standard deviation of station data closest to the hot spot axis using the GDH1 reference curve, the warmest of all plate models. With the exception of Crozet, and perhaps Maro Reef and Cape Verde, all of the near-swell-axis heat flow anomalies are within the uncertainties of the data and the GDH1 reference model, and have anomalies less than about 10 mW m À2 (Table 1) . With cooler standard models, though, these anomalies are all greater than 10 mW m À2 .
Conclusions
[32] We have examined individual heat flow values made on hot spot swells and find that the variability contained in these determinations is large. It appears that data collected using the coarse survey strategy, at intervals of 100 km or Figure 10 . Marine heat flow data used for constructing GDH1 [Stein and Stein, 1992] . Circles show data in 2 my bins, and lines show standard deviation. Red circles show heat flow values closest to swell axis. Uncertainties on anomalies only reflect uncertainties on data and should be considered a minimum.
more, have aliased a portion of the heat flow signal. Our preferred interpretation is that the variability is due to fluid flow. The presence of fluid flow admits the possibility that a component of basal heat flow is not being measured, analogous to the situation at ridge flanks. If this is the case, the mean observed heat flow is less than the actual lithospheric value and the full magnitude of sublithospheric thermal variations is not observed. However, without a firmly established reference model, a better understanding of buoyant support observed at hot spot swells, or additional data, this possibility is difficult to assess.
[33] Because the scatter in heat flow determinations is approximately the same magnitude as predicted variations in basal heat flow [e.g., Von Herzen et al., 1989] , our ability to resolve anomalous basal heat flux will depend on a better understanding of environmental conditions and a thermal reference model. This understanding will likely require more high-resolution heat flow surveys collocated with seismic reflection lines, improved data processing, and more sophisticated modeling. Until then interpretations of heat flow data on hot spot swells based on conductive thermal models should be used with caution.
